A comparative study of ultraviolet photoconductivity relaxation in zinc oxide (ZnO) thin films deposited by different techniques J. Appl. Phys. 111, 102809 (2012) Photoluminescence quenching processes by NO2 adsorption in ZnO nanostructured films J. Appl. Phys. 111, 073520 (2012) On the origin of an additional Raman mode at 275 cm−1 in N-doped ZnO thin films J. Appl. Phys. 111, 063530 (2012) Metal enhanced photoluminescence from Al-capped ZnMgO films: The roles of plasmonic coupling and nonradiative recombination Appl. Phys. Lett. 100, 112103 (2012) Additional information on J. Appl. Phys. The light emission from ZnO films is enhanced by localized surface plasmon ͑LSP͒ of Ag island films. The dependence of LSP coupled emission on light-extracting direction and the thickness of ZnO films is investigated. It is found that the photoluminescence ͑PL͒ enhancement factors for upward extraction are much smaller than those for downward extraction. This is ascribed to the low transmittance and nonradiative absorption loss of Ag films. The near-field effect of LSP results in the dependence of the PL enhancement of ZnO films on the film thickness. A maximum PL enhancement factor of more than 15 is obtained when the thickness of ZnO was about 40 nm.
I. INTRODUCTION
Localized surface plasmon ͑LSP͒ is electromagnetic oscillation in the proximity of metal nanostructures. LSP resonance, which is dependent on the shape and size of metal nanostructures, can generate highly enhanced electromagnetic field in the near field. A number of studies have been carried out to explore the potential of LSP resonance in the application of optical spectroscopy, sensor, and solar cells. [1] [2] [3] [4] Recently, LSP resonance induced by metal nanostructures has been employed to enhance light emission from light emitters. [5] [6] [7] [8] The distance between emitters and metal nanostructures, the relative spectral positions between LSP resonance and light emission bands, the size of metal nanostructures, and the structure of light-emitting devices were found to affect the enhancement of light emission. Surface plasmon ͑SP͒ and LSP of metal films have been recently used to enhance the light emission from ZnO. 6, [9] [10] [11] By tuning the LSP resonance energy, metal particle size, and the metal film thickness, researchers obtained more than tenfold enhancement of photoluminescence ͑PL͒. To further apply LSP into practical light-emitting devices, it is critical to study all the factors that influence LSP. The underlying mechanism for LSP coupling process should also be elucidated. In this paper, the influence of light extraction direction and that of film thickness on the LSP enhanced emission from ZnO films are investigated. By comparing the experimental results under upward and downward extraction conditions, we find that the low transmittance and nonradiative loss of Ag films reduce the LSP enhancement factors when upward extraction is employed. The near-field effect of LSP results in the dependence of the PL enhancement on the film thickness. The maximum PL enhancement is obtained when the thickness of ZnO is about 40 nm.
II. EXPERIMENTAL DETAILS
ZnO films were deposited on quartz substrates by use of a previous procedure. 11, 12 Ag island films were subsequently sputtered onto the ZnO films at 200°C. To investigate the effect of extraction direction on the PL from ZnO films, the thickness of ZnO films was fixed at 40 nm. The size of Ag islands was controlled by sputtering time. Seven samples ͑la-beled as S1-S7͒ with different sputtering time ͑20, 30, 45, 60, 75, 85, and 105 s͒ were prepared. When the effect of ZnO film thickness on the PL from ZnO films was studied, the time for Ag sputtering was fixed at 60 s. The thickness of ZnO films was varied between 30 and 300 nm. Bare ZnO films onto which there was no Ag sputtering were used as control samples.
All samples were excited by the 325 nm line of a He-Cd laser with an incidence angle of 45°. The PL was collected by using an Acton SP2500i spectrometer. Two sets of excitation-detection directions were adopted. One was that both excitation and detection were carried out at the side of Ag films ͑defined as upward extraction͒. The other was that both excitation and detection were carried out at the side of quartz substrates ͑defined as downward extraction͒. Scanning electron microscopy ͑SEM͒ images of Ag films were obtained with a HITACHI S-4800 microscope. A HITACHI spectrophotometer ͑Model U-1800͒ was used to record the extinction spectra of Ag island films. The extinction was the transmission loss resulted from both absorption and scattering. 13, 14 III. EXPERIMENTAL RESULTS Figure 1 shows the SEM images of Ag island films ͑samples S1-S6͒. It can be seen that with the increase in sputtering time, the in-plane size of Ag islands significantly increases. When the sputtering time increases to be 75 s ͑sample S5͒, the Ag islands almost form continuous films. However, the out-of-plane size does not significantly increase, consistent with the study of Royer et al. 15 The cross- section SEM image ͑not shown͒ indicates that after a deposition time of 105 s, the thickness of Ag island film is only about 40 nm. Figure 2 shows the extinction spectra of samples S1-S6 and a control ZnO sample. Two LSP resonance modes associated with the two axes of Ag oblate spheroids are observed. The low energy band results from the dipole oscillation parallel to the substrate plane ͑in-plane mode͒. The high energy band near 370 nm ͑out-of-plane mode͒ is induced by the oscillation of the normal mode. 15 For samples S1-S4, it can be seen that there exist similar characteristics among the extinction spectra. Their out-of plane resonance band is near 370 nm, but their in-plane resonance energy redshifts with the increase in Ag sputtering time ͑and thus the increase in the in-plane size of Ag islands͒. For samples S5, S6, and S7, the resonance bands are broadened. They finally disappear because continuous films are formed. The ZnO absorption band which overlaps the out-of-plane resonant band of LSP is clearly observed in the spectra. Figure 3͑a͒ shows the PL spectra for the seven samples under downward extraction. The PL spectrum of the control sample is also included for comparison. The PL band around 380 nm is induced by the band-edge recombination of ZnO.
That around 530 nm originates from defect states related to oxygen in ZnO films. 16 The ratios of the intensity of PL peak for samples S1-S7 ͑I͒ to that of PL peak for the control sample ͑I 0 ͒ are defined as PL enhancement factors. The change in PL enhancement factors for the 380 nm emission band and 530 nm emission band with the time of Ag sputtering is illustrated in Fig. 3͑b͒ .
The PL spectra and enhancement factors under upward extraction have been reported in our previous paper. 11 It is found that the band-edge emission at 380 nm in samples S1-S6 is enhanced. The enhancement factor is sensitive to the sputtering time of Ag. The enhancement factor initially increases and then decreases with the increase in sputtering time. The maximum enhanced factor 3 appears at the sputtering time of 60 s ͑sample S4͒. However, for the defectrelated PL band at 530 nm, the enhancement factors of all the samples are less than 1, which means that the defect-related emission is quenched after Ag sputtering.
In Fig. 3͑b͒ it is found that under downward extraction the enhancement factor of the band-edge emission at 380 nm also increases with the sputtering time of Ag. However, the enhancement factor reaches the maximum at the Ag sputtering time of 85 s ͑sample S6͒ and then decreases dramatically. Moreover, for sample S6 the maximum enhancement factor is 15, which is much large than that under upward extraction. We note that the enhancement factors for defect-related emission at 530 nm change in the same trend as that for the band-edge emission at 380 nm. Clearly, this change is different from that induced by crystal restructuring in ZnO films, which usually leads to the enhancement of band-edge emission and the quenching of defect-related emission. 16 These experimental results indicate that the PL intensity is influenced by the LSP of Ag island films. Comparing the results under the two extraction conditions, we believe that the directions of light extraction dramatically influence the intensity of LSP coupled PL from ZnO.
We fix the sputtering time while changing the thickness of ZnO films. The corresponding experimental results are illustrated in Fig. 4 for ͑a͒ upward extraction and ͑b͒ downward extraction. Comparing the emission at 380 and 530 nm, it is found that the enhancement factors change with a similar trend although some of the enhancement factors are less than 1. With the decrease in the thickness of ZnO films, the enhancement factors increase initially and then decrease after Fig. 3 and our previous report.
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IV. DISCUSSION
There are two main mechanisms for the interaction between light emitters and metal nanostructures. One mechanism is the modification of electromagnetic field near metal surface. This enhances the field applied to the emitters and the radiative decay rates from the emitters. 17, 18 Another is the damping induced by nonradiative energy transfer from the emitters to the metal, which may be described in terms of Joule heating. 19 As shown in Fig. 3 , the emission at 380 and that at 530 nm is near the out-of-plane and in-plane LSP resonance bands of Ag island films, respectively. The emission from ZnO can be influenced by the enhanced electromagnetic field, LSP radiative scattering, and nonradiative absorption. It should be noted that for different extraction directions and ZnO film thickness, the influence of LSP and the relative strength between them are different.
For upward extraction, the enhanced emission must transmit through Ag island films before it is detected. The LSP scattering of Ag islands can radiate out into free space while the absorption can dissipate the emission nonradiatively. Therefore, the emission at 380 nm is increased due to the dominant scattering of LSP in Ag islands in that spectral range. In contrast, the 530 nm emission band decreases due to the significant absorption around the wavelength of 530 nm. 11 Moreover, owing to the increased scattering efficiency with the increase in Ag island size, the enhancement factor for the emission around 380 nm increases with the increase in sputtering time, reaching the maximum value at 60 s ͑sample S4͒. When the Ag islands grow to form continuous films ͑samples S5-S7͒, the transmittance is greatly decreased. Furthermore, the intrinsic damping loss and in-plane radiation from SP in the continuous films prevail over the scattering of LSP. 20 Therefore, the PL enhancement factors decrease from sample S5 to S7.
For downward extraction, the enhanced emission can go out directly. Less LSP absorption and SP damping participate. Thus, both 380 nm emission band and 530 nm emission band are enhanced. The maximum enhancement factor for 380 nm emission band reaches 15, which is much larger than that for upward extraction. Since there is no influence from the low transmittance of Ag films, the maximum factor can be obtained at the Ag sputtering time of 85 s ͑sample S6͒. When the sputtering time increases to be 105 s, the Ag film is so thick that the LSP scattering decreases, and that the absorption loss of propagating SP wave predominates. 20 Hence, the enhancement factors sharply decrease. The fact that the maximum enhancement factor is different for 380 nm emission band and 530 nm emission band may be due to the different electromagnetic field enhancements in the two spectral ranges.
As we know, the metal enhanced electromagnetic field is a near-field effect. 21 It is near the metal surface and damps sharply with distance. Assuming the metal surface is flat, we can roughly predict the SP penetration depth ͑Z͒ in ZnO films by the equation Z = / 2 ͱ 2 − 1 / 1 2 . 22 When the pump light wavelength and the real part dielectric constants of Ag and ZnO 1 , 2 are incorporated, the penetrating depth in ZnO is about 63 nm. This indicates that when the thickness of ZnO films exceeds 63 nm, part of ZnO films cannot be coupled with the LSP of metal island films. As a result, the enhancement factor decreases sharply when the thickness of ZnO is 100 or 300 nm, as shown in Fig. 4 . However, when the film thickness is reduced to be about 30 nm, the enhancement factor also decreases. This is because the energy transfer induced damping dominates at a very short distance ͑ Ͻ10 nm͒, 23 leading to the decrease in part of light emission enhancement. The current work is in accordance with the near-field effect of LSP. It is also confirmed that the enhancement or quenching of PL is due to the coupling between ZnO films and metal island films.
V. CONCLUSION
The direction of emission extraction is found to affect the LSP enhanced PL. The maximum enhancement factor detected from the Ag side is much smaller than that from the ZnO side owing to the low transmittance and SP damping of Ag island films. Owing to the near-field effect, the LSP enhancement is also found to be dependent on the thickness of ZnO film. The optimal thickness is about 40 nm. It is hoped that the current work is helpful to the design of LSP enhanced light-emitting devices. 
